Carbon-fiber reinforced polymer (CFRP) composite is an attractive material for fabrication of optics due to its high stiffness-to-weight ratio, robustness, zero coefficient of thermal expansion (CTE), and the ability to replicate multiple optics from the same mandrel. We use 8 and 17 cm prototype CFRP thin-shell deformable mirrors to show that residual CTE variation may be addressed with mounted actuators for a variety of mirror sizes. We present measurements of surface quality at a range of temperatures characteristic of mountaintop observatories. For the 8 cm piece, the figure error of the Al-coated reflective surface under best actuator correction is ~43 nm RMS. The 8 cm mirror has a low surface error internal to the outer ring of actuators (17 nm RMS at 20°C and 33 nm RMS at -5°C). Surface roughness is low (< 3 nm P-V) at a variety of temperatures. We present new figure quality measurements of the larger 17 cm mirror, showing that the intra-actuator figure error internal to the outer ring of actuators (38 nm RMS surface with one-third the actuator density of the 8 cm mirror) does not scale sharply with mirror diameter.
INTRODUCTION

Science with Deformable Secondary Adaptive Optics Systems
Adaptive Optics systems with deformable secondaries have been in operation since 2002 and many more are planned. The Multiple Mirror Telescope AO system (MMT-AO) with 336 actuator secondary currently delivers Natural Guide Star (NGS) and Ground Layer Laser Guide Star AO (LGS-GLAO). Instrumentation includes BLINC/MIRAC, a thermal infrared (IR) imager; ARIES, a 1-2.5 micron imager and spectrograph; and CLIO, a 3-5 micron imaging camera. 1 Scientific results so far have been predominantly in the thermal infrared, exploiting the uniquely low thermal background of the system. 2, 3, 4 Great progress has been made in extrasolar planet searches at thermal IR wavelengths. 5, 6 The MMT deformable secondary AO system has been used to directly image the three planets orbiting HR8799 7 at thermal IR wavelengths, finding that the IR colors of the planets do not follow model tracks. 8 The MMT AO system has also been used to observe Fomalhaut, a star around which a candidate 3M Jup planet was discovered at 96 AU, 9 taking advantage of the MMT's high contrast in the thermal IR to check for further planets significantly closer to the parent star.
Science with deformable secondary mirrors has been expanding as new instrumentation is built. Deformable secondaries have been constructed for the Large Binocular Telescope (LBT) and the Magellan Telescope 11 and are being completed for the Very Large Telescope (VLT). 12 Recent work with one of the Large Binocular Telescope's deformable secondary mirrors has demonstrated the exquisite image sharpness obtainable with these mirrors. The PSFs obtained, with > 80% Strehl in H-band, are among the highest quality images ever taken from the ground at this wavelength. 13 
Robust, Lightweight Secondary Mirrors for Extremely Large Telescopes
The full D 4 sensitivity of Extremely Large Telescopes (ELTs) is only accessible with adaptive optics working at the diffraction limit of the aperture. Adaptive optics systems for ELTs that use deformable secondary mirrors as the corrective element see even further sensitivity gains over systems that use internal deformable mirrors: They have fewer warm optics, greater total throughput, and thus the higher sensitivity in the mid-IR. 14 The reflective surface of deformable secondaries is constructed with a thin-shell glass membrane, typically of order 1-2 mm thickness for maximum deflection. 15 These thin shells can benefit substantially from the use of robust substrates that are resistant to shattering. In addition, substrates with a lower weight-to-stiffness ratio can reduce the cost of the mounting structure and voice coils by both (1) lowering the mass of the shell and (2) decreasing the force required to deform the shell.
Both the Giant Magellan Telescope (GMT) and the European Extremely Large Telescope (E-ELT) will use deformable secondary mirrors for some AO correction. The secondary mirror of the Giant Magellan Telescope (GMT) comprises seven separate segments, six of which have the same optical figure. 16 With heavy reliance on thin shell deformable secondaries likely to come in the next decade, it will be important that this mode of instrumentation be robust and durable.
Carbon Fiber Reinforced Polymer as a Deformable Mirror Substrate
Carbon fiber reinforced polymer (CFRP) has been proposed as a robust, lightweight substrate for deformable secondaries. 17, 18 CFRP is a suitable material for optical fabrication because of its low weight-to-stiffness ratio (five times less than steel), a coefficient of thermal expansion (CTE) that can be tuned to near-zero with specialized carbon layup arrangements, and excellent thermal conductivity. 19 Key developments in CFRP technology have enabled its use as a substrate for reflective optics. The ability to tune the in-plane CTE to near-zero is critical for the thermal stability of optical elements. Replicated CFRP mirrors are now free of fiber and core print-through issues and demonstrate sufficient quality of adhesion between coatings and the polymer surface. 19 Figure 1 displays an example manufacturing process for CFRP mirrors (Composite Mirror Applications, CMA, Tucson, AZ). A glass mandrel with the reverse of the desired shape is first polished. Second, strips of CFRP pre-impregnated carbon fiber are layered onto the optical mandrel. The lay-up structure is then cured and released. Upon removal, the quality of the CFRP surface is limited only by the optical figure quality of the mandrel optic. 19 Finally, the optical surface is coated with aluminum using standard techniques for glass mirrors. Three principal advantages of using CFRP as a substrate for thin-shell deformable secondaries are as follows:
(1) Inherent robustness. CFRP thin shells are less likely to break under shock than glass during testing, transportation, and installation.
(2) Replicability. Many copies of a single mandrel optic can be made with minimum construction of new components. The mandrel, pressing tools, and other fixtures are only fabricated once.
(3) Less actuator force is required. The curvature of a thin plate induced by a point load is inversely proportional to the thickness of the material cubed. 17 Since CFRP and Zerodur glass have similar Young's moduli and CFRP is resistant to shattering, the thickness of a composite shell can be drastically reduced for substantial savings in the force required to induce a given stroke. For example, a 0.8-mm thick CFRP shell would require nearly 10x less actuator force than a 2-mm thick Zerodur shell, resulting in substantial cost and weight savings in the actuators, internal support structure, and the spider vanes that support the entire assembly.
Goals of this Paper
To be useful in adaptive optics for infrared astronomy, CFRP deformable secondaries must display good optical figure quality for the ranges of temperature and humidity characteristic of mountaintop observatories. In this paper, we present optical figure tests for two CFRP prototype thin-shell deformable mirrors of different diameters (8 cm and 17 cm). Section 2 discusses the mirror fabrication and the actuator assemblies. In section 3, we review figure quality measurements at a variety of temperatures as well as surface roughness tests for the 8 cm mirror, some of which is previously shown in Coughenour et al. (2010) . 17 We also present new interferometric measurements of surface phase at room temperature for the 17 cm piece. Section 4 summarizes the measurements and concludes.
8 CM AND 17 CM THIN SHELL DEFORMABLE MIRRORS
8 cm Prototype Mirror
Experiments with small CFRP thin-shell mirrors, described below, indicate that their optical figure is sufficient for nearinfrared astronomy at a range of temperatures. 17 We have constructed an 8 cm diameter thin-shell CFRP deformable mirror with 1.6 mm substrate thickness (Figure 2 , right panel). The surface is concave and spherical. This mirror has seven position actuators mounted to the rear to permit figure testing. sapphire windows are inserted between the picomotor tips and the magnets to create a smooth surface for position actuation. The gluing technique involves large, single drops of glue (i.e., "single-drop" gluing technique, which produces some surface print-through error at low temperatures). The picomotor actuators are mounted with an aluminum plate, which is kinematically mounted to an optical table. Picomotors are manually, individually actuated with a New Focus driver and control paddle.
17 cm Prototype Mirror
A 17 cm CFRP prototype thin-shell deformable mirror has been manufactured by CMA for comparison with the 8 cm piece (Figure 3) . The layup structure and schedule, carbon fiber material, and material thickness (1.6 mm) are identical to the 8 cm mirror. The 17 cm mirror is manufactured from a 17 cm parabolic lens with a radius of curvature of 680 mm. Nineteen New Focus picomotor position actuators are available to deform the surface. Ten of these actuators are used for the experiments described in Section 3.3. Six of these are in an outer ring of ~14 cm diameter, three are in a smaller ring of ~7 cm diameter, and one is centered. The tips of the picomotors are physically constrained to mirror's rear surface with neodymium magnets and 0.5-mm thick sapphire windows, as for the 8 cm mirror. Improved gluing techniques are used to reduce gluing stresses (i.e., a "multiple drop" technique is used, in which 3 small, separated drops of glue are deposited in between the sapphire windows, magnets, and CFRP surface).
OPTICAL FIGURE RESULTS
Testing Methodology
Optical figure measurements are performed with a Twyman-Green 4D interferometer (PhaseCam 4020, see Figure 4 ). For the spherical 8 cm mirror, the distance between the optic and interferometer is set to minimize curvature error. The 4D measurement technique is not sensitive to absolute curvature error, although relative curvature error can be seen as temperature changes. The detailed alignment procedure is described in previous publications. Temperature changes are induced by testing a mirror in a commercial freezer (Figure 4 ) capable of reducing the temperature to -20°C. The mirror under test is not in contact with the freezer and is kinematically mounted to the optical breadboard underneath. The interferometer laser is directed through a hole in the freezer. A glass membrane is placed at the hole to prevent thermal cycling with the uncontrolled environment, which induces a negligible amount of spherical aberration in the test beam (~20 nm RMS for both mirrors) and much less astigmatism and coma error. A desiccant is kept in the chamber to keep the interior dry and the mirror defogged at low temperatures.
The test setup for the 17 cm parabolic mirror is similar to that of the spherical 8 cm mirror. The principal on-axis difference between a spherical figure and a parabolic figure is spherical aberration, which is removed in software. The mirror is first aligned with only three actuators connected to the mirror. The tip/tilt and piston of the mirror and the tip/tilt of the incoming beam are then iteratively adjusted to remove curvature, astigmatism, and coma errors, all of which can be introduced when the optical axis of the mirror is misaligned with the test beam. Once these Zernike coefficients are minimized, the expected difference between the parabolic shape and a spherical mirror of equivalent radius of curvature is removed in software. The figure of this difference is entirely spherical aberration. Note that this procedure is blind to absolute curvature, astigmatism, and coma, although relative changes in these modes can be measured as temperature or humidity changes.
For the 17 cm mirror, the rectangular entrance hole to the freezer vignettes the beam by ~2.0 cm on the left and right sides. We characterize the figure in a 13 cm by 17 cm section that represents 87% of the reflective area of the mirror.
Optical Figure Data for 8 cm Piece
Fizeau fringe maps.
We have used Fizeau interferometry to estimate the optical quality with and without using the actuators to optimize the figure. The interferometric fringe pattern of the 8 cm piece, when supported by 3 actuators, is an indication of its natural, relaxed figure. We find that this shape is dominated by curvature, as expected. The printthrough errors are ~100 nm P-V on the surface. The remaining wavefront error across the piece is less than 150 nm RMS wavefront (< 75 nm RMS surface). Figure 5 displays the interferometric fringes of the 8 cm piece under the best manual actuator correction at room temperature. The error is less than 80 nm RMS wavefront (< 40 nm RMS surface) across the entire mirror. Computer-controlled optimization of actuator commands may improve this performance. Most of the error appears to be edge curvature, beyond the correctable radius of the actuators. The forces required to correct the natural, relaxed shape of the 8 cm CFRP piece are estimated to be ~0.1 N for each actuator. 17 These values are well within the dynamic range of voice coils (1-2 N) , which are commonly used as deformable secondary actuators.
Surface Roughness.
We have used a Veeco white light interferometer to scan small, 116x155 μm patches of the surface of the mirror at room temperature. A representative patch is displayed in Figure 6 . The average measured surface roughness is 3 nm P-V, sufficient for optical and near-infrared wavelengths. White light interferograms using larger patch sizes indicate that the errors on ~0.5 mm spatial scales are small (< 10 nm RMS).
Surface Error at Colder Temperatures.
Although the CTE of CFRP is near zero, some surface error is expected with temperature variation due to non-zero CTE out of plane. We have tested the optical figure of the 8 cm mirror at a variety of temperatures to constrain this effect. Figure 7 displays the mirror fringes at -5°C under the best manual actuator correction. Notice that the error is dominated by uncorrectable edge curvature, which will be negligible for larger mirrors. Near room temperature, the RMS error internal to the outer ring of actuators is quite small (17 nm RMS surface). Decreasing the temperature increases this error to 40 nm RMS at -5°C. 17 Optimizing the actuator positions at lower temperatures improves the figure error to 33 nm RMS at -5°C. Interferometric fringes of 8 cm piece under best 6-actuator correction at -5°C. "Single-drop" gluing techniques for the actuator magnets produce gluing stress errors of up to 0.6 microns P-V. These errors are not seen in the 17 cm parabola, which uses "multiple-drop" gluing.
Preliminary optical figure measurements of 17 cm parabola
Following the optical alignment technique described in Section 3.1., we have used a 4-D interferometer to characterize the optical figure of the 17 cm parabola under the best manual 10-actuator correction at room temperature. The phase map is shown in Figure 8 . The overall surface error is 138 nm RMS. The surface error with all Zernike modes up to fifth order removed is 53 nm RMS. The component of this high-order error internal to the outer ring of actuators, which avoid uncorrectable high-order edge curvature, is 38 nm RMS surface.
Note that the dominant error is tricoma, which is currently an uncorrectable mode with only 6 actuators in the outer ring. Uncorrectable edge curvature beyond the outer ring of actuators is also a significant component. The surface error should decrease when all 19 actuators are used for correction and when the flattening is computer controlled. Note that the actuator density of the 17 cm piece (0.044 actuators per cm 2 with 10 active picomotors) is less than one-third of that of the 8 cm piece (0.139 actuators per cm 2 ), so more intra-actuator error is expected for the larger mirror.
DISCUSSION
We have characterized the surface figure error of an 8 cm CFRP thin-shell deformable mirror over the temperature range characteristic of a mountaintop observatory. Similar thermal cycling experiments with a 19-actuator 17-cm CFRP parabola are ongoing.
The optical figure experiments of the 8 cm spherical prototype indicate that:
• The natural, relaxed optical figure is close (< 75 nm surface) to the prescribed figure. Relaxation of CFRP's internal stresses produces tolerable deformations. These low-amplitude deformations are dominated by curvature.
• The optical figure under the best qualitative actuator correction (< 40 nm RMS surface) places it into consideration for use in near-IR astronomy. The contribution of this error term alone only reduces K-band Strehl to 95%.
• Actuator print-through is small at room temperature (~100 nm P-V surf.). • The actuator forces required to correct the figure (~0.1 N) are small compared to the dynamic range of voice coil actuators.
• The error internal to the outer ring of actuators, which is representative of what the figure error of a larger mirror would be under an optimal actuator correction, remains low (< 35 nm RMS surface) over the temperature range investigated (-5°C -20°C).
• Surface roughness is low at room temperature (~3 nm P-V).
Preliminary figure experiments with the 17 cm parabola under manual 10-actuator correction give 138 nm RMS surface error over a 13 cm x 17 cm section of the mirror. The uncorrectable high-order component of this error internal to the outer ring of actuators ("intra-actuator" error) is 38 nm RMS surface. For comparison, the intra-actuator error of the 8 cm piece is 17 nm RMS with higher actuator density (0.14 actuators per cm 2 as compared to 0.044 actuators per square cm 2 for the 17 cm piece). The intra-actuator error of these CFRP mirrors does appear to scale with mirror diameter, but not sharply. The difference is likely due to the factor of 3 difference in actuator density. The figure error of the 17 cm piece is expected to decrease when all 19 actuators are used and when the flattening is optimized by computer.
